Surface profile gradient in amorphous Ta2O5 semi conductive layers regulates nanoscale electric current stability  by Cefalas, A.C. et al.
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a  b  s  t  r  a  c  t
A  link  between  the morphological  characteristics  and  the  electric  properties  of  amorphous  layers  is
established  by  means  of  atomic,  conductive,  electrostatic  force and  thermal  scanning  microscopy.  Using
amorphous  Ta2O5 (a-Ta2O5) semiconductive  layer,  it is found  that  surface  proﬁle  gradients  (morphologi-
cal  gradient),  are  highly  correlated  to both  the  electron  energy  gradient  of  trapped  electrons  in interactive
Coulombic  sites  and  the thermal  gradient  along  conductive  paths  and  thus  thermal  and  electric  properties
are  correlated  with  surface  morphology  at the  nanoscale.
Furthermore,  morphological  and electron  energy  gradients  along  opposite  conductive  paths  of  elec-urrent stability
urface morphology and electric properties
f  Ta2O5
canning thermal microscopy
lectrostatic force microscopy
onductive atomic force microscopy
trons intrinsically  impose  a current  stability  anisotropy.  For  either  long  conductive  paths  (L > 1 m)  or
along  symmetric  nanodomains,  current  stability  for  both  positive  and  negative  currents  i is demonstrated.
On the  contrary,  for  short  conductive  paths  along  non-symmetric  nanodomains,  the  set of independent
variables  (L,  i) is spanned  by  two  current  stability/intability  loci.  One  locus  speciﬁes  a  stable  state  for
negative  currents,  while  the  other  locus  also  describes  a stable  state  for positive  currents.
©  2016  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article under  the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).. Introduction
Amorphous semiconductors have attracted much attention
ecently, but because of a limited translational symmetry in a very
hort range order, their electric properties are still not well under-
tood at a nanoscale level. In fact, even for amorphous structures
f the same material, properties may  vary greatly. Up to now, the
lectric current characteristics and instabilities in amorphous and
rystalline semiconductors are attributed to mechanical ﬂuctua-
ions [1–3], interfacial inhomogeneities [4], internal feedback and
harge trapping [5–7], electric ﬁeld stressing [8,9], electron tun-
eling and conﬁnement [10], atomic rearrangement in conductive
unctions [11], local electron valence structures [12], different fab-
ication techniques [13,14], surface treatments [15], morphologies
16,17], sensitivities [18], contamination [19] and degradation [20].
ioneering work that connects current instabilities and surface
∗ Corresponding author.
E-mail address: ccefalas@eie.gr (A.C. Cefalas).
ttp://dx.doi.org/10.1016/j.apsusc.2016.11.076
169-4332/© 2016 The Author(s). Published by Elsevier B.V. This is an open access articlemorphological features in crystalline solids was  published earlier
by Maroudas et al. [21,22].
Amorphous semiconductors, such as tantalum oxide (a-Ta2O5)
or nitride, are usually grown at relatively lower temperatures,
either by chemical vapor or pulsed laser deposition (CVD, PLD)
[23]. Amorphous structures exhibit different electrical and kinetic
characteristics than their crystalline counterparts, such as higher
density of defective electronic states, lower leakage currents
[24,25], lower strain and electric carrier diffusivity at interfaces
[26,27], lack of pinning and surface polarization and bunching of
electrons between the boundaries of nanodomains [4]. The elec-
tric current characteristics in crystalline semiconductors depend on
the tunneling probability of electric carriers through the Coulombic
potential barrier between the two  contacts of the semiconductive
material with the metallic electrodes and their energy in the bar-
rier. The potential barriers are formed from the different position
of the Fermi levels in the energy scale of the semiconductor and the
metallic electrodes, [28–30]. Similarly, the logarithm of the electric
current in amorphous dielectric materials is either proportional to
the square root (Frenkel’s effect), or to the ﬁrst power of the elec-
tric ﬁeld (Poole’s law), according to the topological conﬁguration
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Cross sectional SEM image of a ∼1 m thick a-Ta2O5 layer. (b) z-heightA.C. Cefalas et al. / Applied Sur
f defects, distributed on the surface, either as single and localized
r interactive and dispersed [28].
Moreover, when two or more irreversible transport processes
f carriers are activated under non-equilibrium steady state irre-
ersible thermodynamic conditions, electric, thermal, diffusion or
ntropic currents are mutually connected via a set of ﬁrst-order
inear equations [31,32] and this coupling is inherently associated
ith current instabilities.
In this work, it is shown that nanoscale surface morphology of
morphous Ta2O5 (a-Ta2O5) semiconductive layers, is highly cor-
elated with both the electric and thermal properties and also the
urface morphology regulates the electric current stability where a
table operation implies that at any time a small current ﬂuctuation
long a conductive path is dumped out.
The article is divided in three main sections. First, the type of
lectric conductivity of electron carriers, either from interactive or
on-interactive trapping sites, is identiﬁed via conductive atomic
orce microscopy (C-AFM).
Next, it is veriﬁed that the electric and thermal properties of
he a-Ta2O5 semiconductive layers are both associated with mor-
hological features along conductive paths; as they are described
y the line mean proﬁle and the surface gradients. The degree of
orrelation between either the local or the mean morphological
haracteristics in one hand and, the electron energy and tempera-
ure responses on the other, is established via atomic force (AFM),
lectrostatic force (EFM) and scanning thermal microscopy (SThM).
Finally, the electric currents i and conductive paths length L,
re both ﬁtted as independent variables to the appropriate set of
yapunov’s stability equations and the loci of stable/unstable points
n the plane of independent variables (L, i) is set up and weighted
gainst the experimental data.
This work signiﬁes the importance of local morphological fea-
ures in thin amorphous layers for stable nanoelectronic operation
33–36].
. Experimental
.1. Film preparation and morphology
a-Ta2O5 layers were grown on Ta coated Si [100] substrates by
pattering [37] from high purity (99.9%) Ta targets 0.5 mm thick
Good-Fellow). The layer thickness and surface roughness were
oth determined using a scanning electron microscope (SEM, Jeol
SM – 7401f FESEM), an Alphastep 500 IQ proﬁlometer and an AFM
di Innova, Bruker Madison, WI,  USA), operated at ambient condi-
ions, Fig. 1a and b.
The AFM images were obtained in tapping-mode using phos-
horus (n)-doped silicon cantilever (RTESPA, Bruker, Madison, 120
I,  USA), with a nominal spring constant of 40 N/m at 300-kHz res-
nance frequency and 8–10 nm nominal diameter. The AFM images
ere obtained at different scanning areas at a maximum scan-
ing rate of 0.5 Hz and with an image resolution of 512 × 512 px.
ariable thickness layers from ∼ 75 nm to 1 m were grown with
2–90 nm mean roughness. The AFM images demonstrated that the
lms’ morphologies exhibited dense structures with ∼12 nm RMS
oughness, 66 nm average sizes and 35 nm mean height, Fig. 2.
.2. Raman spectroscopy
Raman spectra were acquired by means of a Dilor XY triple stage
pectrometer equipped with a liquid nitrogen cooled charge cou-
led detector. Excitation was provided by a Spectra Physics Ar+ laser
perated at 488 nm.  The laser beam was focused on the sample by a
ong working distance ×100 objective, numerical aperture NA = 0.8
ith a power of ∼3 mW,  measured just before the objective. Asurface topography along one axis (x-axis). The z-height values lay between 75 and
93 nm.
typical Raman spectrum of the sample is shown in Fig. 2b, along
with the spectrum of a crystalline Ta2O5 ﬁlm obtained via ther-
mal  annealing of a-Ta2O5 at 1000 ◦C in Ar (99.999 %) at 104 Pa for
1 h, for comparison. The annealed sample exhibits a Raman proﬁle
with relatively broad, yet well deﬁned and strong spectral features,
very similar to those of the spectra found in the literature for crys-
talline Ta2O5 [38]. On the other hand, the Raman spectrum of our
as prepared sample exhibits only two spectral features of very low
intensity with the strongest being a very broad one at ∼670 cm−1
and the other, of lesser intensity, at ∼235 cm−1. Although the pres-
ence of minor crystalline phase cannot be completely excluded,
the observed Raman spectral proﬁle reﬂects the predominantly
amorphous nature of our as prepared sample.
2.3. EFM
A high spatial resolution EFM (Bruker diInnova) was  used to
identify the electron spatial energy distribution and its gradients
on the surface. Measurements were performed with a diamond
coated conductive probe-tip (Bruker, DDESP-FM-10), having a typ-
ical diameter of 35 nm and a resonance frequency of 75 kHz. During
the ﬁrst scan an AFM image was  recorded in “tapping mode”, while
in the second scan, the probe was  raised above the sample and the
surface was re-scanned in “lift mode” by feeding the ﬁrst scan’s
1002 A.C. Cefalas et al. / Applied Surface Science 396 (2017) 1000–1019
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alues in a “feed-back” control loop, to keep tip’s-sample distance
onstant and record the EFM signals at different bias voltages.
.4. SThMThe temperature spatial gradient along conductive paths was
easured with SThM (Bruker diInnova). For a thermal tip’s radius
f 2.5 m,  the resolution of thermal gradient imaging was 500 nm.f a. (c) Raman spectrum of a-Ta2O5 layer indicating an amorphous structure (solid
nnealing at 1000 ◦C in Ar (99.999 %) at 104 Pa for 1 h is also shown (upper spectrum).
2.5. C-AFM
Conductivity maps were measured in “contact mode” with
C-AFM (Bruker diInnova). The type of conductivity, either from
interactive or non-interactive trapping sites is determined via
I–V curves and I–V stability/instability behavior during repetitive
tip’s voltage scans. Both 2-D AFM topographies and associated
current maps were recorded. The conical shape tip coated with
Pt/Ir (SCM-PIC) has a nominal and an effective radius, spring con-
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tant and resonant frequency values of 20 nm, 5 nm,  0.2 N/m and
3 kHz, respectively. The conductive properties of the samples were
tudied with 2 nm resolution, Supplemental Material (SM-I). The
onductive tip acts as one metal electrode, while the tantalum thin
ayer coating is the other electrode. The tip was kept on the virtual
round and a preselected bias voltage was applied between the tip
nd the layer to record the 2-D conductivity maps. A femto-gain
mpliﬁer with a gain factor of 108 was used. The electrical con-
ection of the amorphous nanodomain and the Si/Ta substrate was
ade through a strip of silver paint.
. Results and discussion
.1. Type of electric conductivity of a-Ta2O5 layers
.1.1. C-AFM maps
2-D current maps for both positive and negative tip’s bias volt-
ges are shown in Fig. 3 and SM-I, Figs. S1–S5 [39].
The conductive maps were recorded with a constant tip’s load-
ng force of 92 nN. For positive and negative currents, bright colors
epresent areas of relatively high conductivities, Fig. 3c. Conductive
ips appear next to the boundaries and between amorphous nan-
domains [40], Fig. 4, in agreement with the EFM and SThM images,
vide infra), where both electron energy and temperature gradients
re ascending/descending near nanodomain’s boundaries.
Current maps reveal a mean conductive bias voltage threshold
t ∼3 V, SM-I, Figs. S1–S5 [39]. For low positive voltages, most of
ayer’s areas remain non-conductive, while a number of areas dis-
lay low conductivity (∼0.45 nA). At higher positive bias voltages
5–9 V), conductivity is saturated, SM-I, Figs. S3–S5 [39]. For nega-
ive voltages, up to −9 V and for most of layer’s areas the current is
egligible. This insulating behavior is quite remarkable considering
hat a bias voltage of 10 V implies electric ﬁeld strengths as high as
08 V/m for 100 nm conductive path lengths.
.1.2. I-V curves
Most of conductive areas exhibit a diode-like behavior with
mall current for negative bias voltages, in agreement with current
aps and earlier works [41]. However, some areas show conduc-
ivity for both positive and negative bias voltages, from either
on-interactive (single) or interactive electron Coulombic trapping
ites (defects) from oxygen vacancies or impurities, [28–30,42,43],
ig. 5a–c.
Non-interactive site conductivity is owing to thermal ioniza-
ion (TI) of trapped electrons above the top of the potential barrier
f the trap, segment BC in Fig. 5a and c. Here, the energy of
rapped electrons under the action of an external electric ﬁeld
 = VL is given by the equation F (x, y, z) = e  ˚ − ˇ˘1/2, where
 is the ionization potential of trapped electrons, V is the bias
oltage of the layer (AFM tip’s voltage), L is the length of the
onductive path (either for a surface conductivity on the (x, y)
lane or for a volume conductivity across the z-axis) and  ˇ is the
oole-Frenkel’s constant, which is related to the dielectric con-
tants εε0(ε = 25,  ε0 = 8.85x10−12Fm−1) [44] via the equation  ˇ =
e3/εε0)1/2 = 2.4x10−24CV1/2m1/2. In physical terms, ˇ˘1/2 is a
ecrement of ionization energy in a single Coulombic potential well
n the direction of the applied external electric ﬁeld˘ ,  Fig. 5a.
To obtain the ˘1/2exp
(
˘1/2
)
response (Frenkel’s effect) via C-
FM, Fig. 5d, the Coulombic ﬁelds from adjacent sites should not
e overlapped. A mean separation distance l between neighboring
rapping sites has to be longer than twice a threshold distancel0 =
1/2(4εε0˘)
−1/2 = ˇ/2e(˘)1/2,l > ˇ/e˘1/2. The loci above and
elow the threshold separation distances and volume densities
urfaces of trapping sites, 2l0 = ˇ/e1/2 and 0 =
(
eˇ−11/2
)3
,
eﬁne the non-interactive regions between sites, Fig. 6a and b. Itience 396 (2017) 1000–1019 1003
should be emphasized here that bothl0 and 0 are intrinsic param-
eters, enlightening that interaction between neighboring sites is
electric ﬁeld strength dependent.
As conductivity from interactive sites is via tunneling of trapped
electrons through adjacent Coulombic potentials [43], the con-
ductivity is owing to a pseudo-spatial translation symmetry of
Coulombic potentials, resembling the electron motion in a crys-
tal ﬁeld (path AB in Fig. 5b). The top of the potential barrier is
now lowered by f (˘) = 12 e˘l, and the associated energy of trapped
electrons is F (x, y, z) = e  ˚ − 12 e˘l, Fig. 5b.
Contrary to Frenkel’s effect, the I-V curves show a linear log-
arithmic dependence on the external electric ﬁeld (Poole’s law).
Coulombic potentials from adjacent trapping sites are overlapped
here and their volume density should be higher than the threshold
volume density value
(
 >
(
eˇ−1˘1/2
)3)
. For higher volume den-
sities, say ∼1-10 sites (nm)−3, Fig. 6b, an e˘l  logarithmic behavior
of the I-V curves over a wider range of bias voltages and conductive
paths is expected.
The current densities J(Am−2), for both low and high electric
ﬁelds, (comparable toE2max
(
2ˇ
)−2
, where Emax is the energy of the
upper defective state from the top of the Coulombic potential bar-
rier), for non-interactive and interactive trapping sites Js andJi, are
proportional to the exponent of the square root and the ﬁrst power
of the electric ﬁeld, respectively [28,45], SM-II [39].
Js ≈ 2e

∂N (E)
∂E
(kT)3ˇ−1(
V
L
)
1/2
exp
(
− e˚
kT
)
exp(
ˇ
kT
(
V
L
)1/2
)ı
(
ı cosh
(
ı
)
− sinh
(
ı
))
(1)
Ji ≈
2e

∂N (E)
∂E
(kT)2	Lexp
(
− e˚
kT
) exp
(
ı
)
ı−1(ıcosh
(
ı
)
− sinh
(
ı
)
) (2)
 is the electron mobility (∼0.1 m2V−1s−1), ı = el2kT  ˘ = eV2kT
(
l
L
)
=
eV
2kT 3
√

(
1
L
)
is a dimensionless variables, 	∼1012 s−1 is the escape
frequency of electrons from traps and  is the volume of current
ﬂow.
This value reﬂects the inverse of the relaxation time t0 after a
“collision” of an electron with a Coulombic “scattering center” [29].
Because the energy of trapped electrons follows a Maxwell-
Boltzmann distribution, the energy gradient
(
∂N(E)
∂E
)
(J−1) of the
electronic statesN (E) in the vicinity of mean electron thermal
energy ∼ 32 (kT) ,  is proportional ton(kT)
−2, where n is the num-
ber of electrons within the volume  of current ﬂow. The term
ı−1
(
ı cosh
(
ı
)
− sinh
(
ı
))
arises from the contribution of all pos-
sible conductive paths within a spherical volume for a maximum
conductivity.
In Poole-Frenkel’s model, the number of traps within the con-
ductivity volume  is equal to the number of electrons (considering
that each trapping site is occupied by only one electron). With this
approximation Eqs. (1) and (2) read as,
Js ≈ 2e (kT)ˇ−1(V
L
)
1
2
exp
(
− e˚
kT
) exp(
ˇ
kT
(
V
L
) 1
2
)ı−1
(
ı cosh
(
ı
)
− sinh
(
ı
))
(3)Ji = 2e	lexp
(
− e  ˚ − ı
kT
)
ı−1
(
ı cosh
(
ı
)
− sinh
(
ı
))
(4)
1004 A.C. Cefalas et al. / Applied Surface Science 396 (2017) 1000–1019
F mage.
L
s
i
w
a
u
c
t
p
t
r
a
c
a
f
i
f
f
m
n
l
a
s
3
e
e
b
e
d
aig. 3. (a) C-AFM imaging of a-Ta2O5 layer at +5 V and (b) the corresponding AFM i
ayer  is ∼100 nm thick.
Typical I-V curves are shown here for seven different randomly
elected points in a 286 nm thick layer under a constant tip’s load-
ng force of 92 and 47 nN (not shown here), Fig. 7a–c. Eqs. (3) and (4)
ere ﬁtted to the I-V curves for different conductive path lengths L
nd threshold voltages. Optimum chi-squared and correlation val-
es matching between theoretical (red I-V) and experimental I-V
urves (black, yellow, light blue, blue, magenta, Fig. 7c), shows that
he electric conductivity in the a-Ta2O5 layers is via interactive trap-
ing sites along different conductive paths with larger path lengths
han the ﬁlm thickness, as expected.
In general, different a-Ta2O5 nanodomains have diverting I-V
esponses, SM-I, Figs. S6–S9. A mean threshold conductive volt-
ge is ∼3.4 V, though some nanodomains show diverting saturating
urrents with lower conductivities and a threshold voltage as high
s 5.5 V. However, the majority of areas remain non-conductive, a
act that highlights the lack of a surface homogeneity and continu-
ty. Another interesting fact is that a number of points respond only
or either positive or negative bias voltages, while others respond
or both positive and negative voltages.
Finally, some I-V curves when ﬁtted to the non-interactive
odel have both low chi-square and correlation indexes. For the
on-interactive models, currents follow non-exponential power
aws I∼Vm, 0 < m < 1 [23]. This I-V response is owing to either
n inhomogeneous distribution or a mixing of different trapping
ites, or to other non-identiﬁed effects.
.2. Correlation between surface morphological features and
lectric and thermal properties
The link between surface morphology and energy of trapped
lectrons is analyzed here via EFM and AFM. First, the connection
etween the phase difference gradient from EFM spectra and the
nergy gradient of trapped electrons is established. Next a high
egree of correlation between morphology and electron energy
nd temperature gradients is found, followed by a quantiﬁcation (c) C-AFM imaging of a-Ta2O5 layer at −5 V and (d) the corresponding AFM image.
of directional morphological, electron and temperature gradient
differences in opposite directions.
3.2.1. Mapping of electron energy gradient via EFM
First, surface charge distribution and electron energy gradients
were both estimated by recording the phase shift 
  gradient via
EFM, Fig. 8a and b.
Typically, three terms contribute to the electrostatic force
 (x, y, z) exerted on a tip near layer’s surface [46,47].
 (x, y, z0) =
1(
z0 + |D|ε
)2
[
−D
2qtqs
ε2ε0A
+ 2Dqs (V − VSP)
ε
+ ε0A(V − VSP)
2
2
]
, z0 > 0 (5)
the distance z0 above the surface of the layer sets the positive
bearing of z-axis (here the origin is placed on the surface of the
layer), A = 75x10−18m2is tip’s apex area, VSP = VSP (x, y, z) is sur-
face’s potential at z= 0, V = V (x, y, z0) is tip’s bias voltage at z0, D
is layer’s thickness, which is equal to the Debye length in dielec-
tric non-polarized layers (along z-axis), qsare the stored charges
in the layer and qtare the image charges induced on the tip. The
ﬁrst term in Eq. (5) is the Coulomb force between qs andqt . The
second term sets the interaction between the capacitive charges
on tip’s apex from any stray charges on the surface. This term is
proportional to both qsand V − VSPand it can be either repulsive or
attractive, depending on the sign of qs (V − VSP).  Finally, the third
term is always attractive and represents a capacitive force between
the tip and the layer for both positive and negative bias voltages.
No phase contrast was recorded in the EFM phase shift spectrum
for zero voltage. On the contrary, a signiﬁcant phase shift contrast
was found for various bias voltages and up to ±9 V, Fig. 8b and SM-
III, Figs. S10–S13 [39]. Hence, the effect of image charges on total
electrostatic force is negligible and can be ignored, SM-III.
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5ig. 4. (a) AFM image of the a-Ta2O5 layer. (b) z-height proﬁle along the line of (a)
opographic contrast. (d) Current along the line of (a). High conductivity variations 
The energy of trapped electrons within the Coulombic potential
arrier of defective sites, either near inside or on the surface of the
ayer for z ≈ 0, is related to the surface potentialVSP (x, y, z), by the
quation,
(x, y, z) = e  ˚ − eg (VSP (x, y, z)) , z ∈ [−0−, 0] (6)
here g (VSP (x, y, z)) is a function of VSP (x, y, z) , proportional
ither to (VSP)
1
2 exp(VSP)
1
2 or VSP. For Poole’s law, F (x, y, z) = e  ˚ −
VSP (x, y, z) .
Next, the phase shift 
  can be related to both the resonance
requency f and the resonance frequency shift f  of the can-
ilever ( = 2 ff ) and the z-gradient of the electrostatic force
(x, y, z0),
 (x, y, z0) =

kc
∂ (x, y, z0)
∂z0
, z0 ≥ 0 (7)
 is a quality factor and kcis the stiffness of tip-cantilever. The
FM spectrum was recorded at a constant tip-surface distance
f z0 = 180 nm.  From Eq. (5) and the experimental parameters
f Fig. 8,  (x, y, z0) ≈ 2.6x10−13N, 
  ≈ 3.4x10−3rad ∂(x,y,z0)∂z0 ≈
.6x10−3Nm−1 for kc ≈ 50Nm−1 and  ≈ 30.-AFM image of (a). Areas of high current contrast are associated with areas of high
r at boundaries and between amorphous nanodomains. Layer is ∼100 nm thick.
Using Eq. (5), takes the form,
 = −Aε0(V − VSP)
2
kc
(
z0 + |D|ε
)3 − Aε0 (V − VSP)
ekc
(
z0 + |D|ε
)2 ∂F (x, y, z)∂z ∂z∂z0 , (8)
with ∂z
∂z0
= −1.
The surface potential VSP (x, y, z) at a distance z ≤ 0, z ∈
[−0−, 0] ,near the surface inside the layer is given by the equation
[29],
VSP (x, y, z) = 4kTtanh
(
VSP0 (x, y)
4kT
)
exp
(
−|z|
Dl
)
, z ∈ [−D, 0) (9)
whereDl =
(
kTεε0
2e2n
)1/2
is the Debye screening length, n is the
concentration of trapped electrons and VSP0 (x, y) is the surface
potential at z = 0. For a typical value of n = 1027 m−3, Dl is ∼ 0.13 nm.
From Eq. (9) and interactive sites, the z-gradient of F (x, y, z) close
to the layer’s surface is proportional to F (x, y, z),
∂F (x, y, z)
∂z
= − 1
Dl
F (x, y, z) , z ∈ [−0−, 0] (10)
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Fig. 5. (a) Simpliﬁed energy diagram of electron (e) ﬁeld ionization, in amorphous semiconductive layers via non-interactive traps (Frenkel’s effect), BC. Conductivity is via
thermal ionization (TI) of electrons over the top of the energy barrier. F (x, y, z) is electron energy,  ˘ is the electric ﬁeld,  ˚ is the electron ionization potential. (b) Simpliﬁed
energy diagram of electron ﬁeld ionization, via interactive trapping sites, AB, (Poole’s law). Conductivity is via tunneling through the electron pseudo-conduction band (EPCB)
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Using Eq. (10) in (8), the phase shift reads as,
 = −Aε0(V − VSP)
2
kc
(
z0 + |D|ε
)3
−Aε0 (V − VSP)
ekc
(
z0 + |D|ε
)2 1Dl F (x, y, z) , z ∈ [−0−, 0] (11)
For large separation distances z0 where (z0 >
|D|
ε ),the ﬁrst term
n Eq. (11) is small compared to the second one and hence   is
roportional to F (x, y, z) or its z-gradient near the surface, Eqs. (8)
nd (11), Fig. 8b and SM-III, Figs. S10–S13 [39].
By applying now an inﬁnitesimal variation of the electron
nergy along the x or y-axis, ı (F (x,  y, z)) ≈ ∂F(x,y,z)∂x ıx,Eq. (11)
ecomes,
∂
∂x
≈ −Aε0 (V − VSP)
ekcDlz
2
0
∂F (x, y, z)
∂x
(13)
Eq. (12) is the ﬁnal result and relates the x- phase difference
radient ∂
∂x
to the energy gradient ∂F(x,y,z)
∂x
of trapped electrons
ines L1,2 in Fig. 9a, c and d.
The polarity of surface can be detected via 
  by applying
pposite polarity DC bias voltages between the tip and the sample
46–48]. For z0 =180 nm,  at zero or opposite polarity bias volt-
ges between ±9 V, no contrast alterations in phase images were
etected, Fig. 8b and SM-III, Figs. S10–S13 [39]. Therefore, layer’s
urface is non-polarized (no permanent charges) and likely strayof conductivity. (c) 3-D schematic lay-out of electron transport between interactive
and (E) indicate non-interactive sites. Ag is the conduct electrode. (d) Simpliﬁed
trapped charges do not have any effect on the EFM spectrum. The
analysis of the phase shift curves of Figs. 8 and 9 and SM-III [39]
at different bias voltages indicates both the mean energy level
position of trapped electrons laid between 2.5 and 3 eV below the
top of the potential barrier and also neutral defective centers. At
higher bias voltages, any induced electric charges are dispersed
over wider areas and also separated by a higher potential bar-
rier between neighboring conductive channels. A parabolic ﬁtting
between phase differences and bias voltages also shows a zero
phase difference at 0 V, Fig. 10, a fact that again veriﬁes that
the a-Ta2O5 surface is a non-polarized one, in agreement with
Figs. 8 and 9 and SMI-III [39].
3.2.2. Correlation of AFM and EFM images
Next, AFM and EFM images of the same areas appear remarkably
similar, Figs. 8 and 9 and SM-III [39] 
and z-height mapping, lines
L1,2, Fig. 9a, c and d, shows also that z-heights are the mirror reﬂec-
tions of 
. Therefore AFM and EFM images via their associated
surface functions M (x, y) , F (x, y) can be connected via a similarity
transformation.
Indeed, a similarity transformation jointly transforms
two functionsM (x,  y) , F (x, y) via a rotation (Rˆ) followed( )
by a translation Tˆ and, M (x1, y1) = x,yTˆ RˆF(x2, y2)⇒
M (x1, y1) = x,yTˆF(x2cos − y2sin, x2sin + y2cos)⇒
M (x1, y1) = x,yF(x2cos − y2sin + a, x2sin + y2cos + b)⇒
M (x1, y1) = −x,yF(x1, y1) with x1 = x2cos − y2sin + a and
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Fig. 6. (a) 3-D surface image of critical distances 2l0 = ˇ/e1/2 for different conductive line segments L and bias voltages V. (b) 3-D surface image of non-interactive site
densities0 =
(
eˇ−11/2
)3
.
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Fig. 7. (a) C-AFM image of a-Ta O layer. (b) I–V curves for seven different points (1)–(7). (c) 3-D plot for the I–V curves of (b) (black, yellow, cyan, blue and magenta). The
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heoretical I–V curves (red), for different conductive line segments L and bias volt
onductive paths with larger path lengths than the ﬁlm thickness of ∼286 nm.
1 = x2sin + y2cos + b.
ˆ
TandRˆare the translational and rota-
ional operators, respectively and, ˛, b, , x,yare the translational,
otational and similarity transformation constants, respectively.
he translational and rotational coefﬁcients are independent
n the x, y position, while the normalized coefﬁcients x,yare
enerally position dependent, Fig. 9c and d.Next, a similarity transformation between two functions
(x, y) , F (x, y) can be quantiﬁed via its covariancesM,F =
M − M¯
)  (
F − F¯
)
and ±
√
2M
2
F , where M,F¯are the mean valuesV are ﬁtted to Eq. (4), showing interactive defect site conductivity along different
of z-heights and 
, respectively, averaged over all points of the
AFM and EFM images, Fig. 11a and b. The correlation coefﬁcient
of the two  functions M(x,y), F(x,y) is deﬁned as  = ± M,F√
2
M
2
F
and
−1 <  < 1and, the two  extreme cases of  > |0.9| and  ≈ 0, indi-
cate that the two images are either identical or completely different,Data processing of 512 × 512 px of each digitized AFM and EFM
image was performed off-line using the function “corr2” of the
commercial software package MATLAB R2013a, (Math Works Inc.,
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Fig. 8. (a) z-height proﬁle along one line (x-axis) of the AFM image of the a-Ta2O5 layer. (b) Phase difference distribution along the same line of the associated EFM spectrum
showing ∼180◦ phase difference between the AFM and EFM images. EFM images at +9 V (blue), −9 V (red), +7 V (black) and −7 V (purple) have similar phase difference
v  Assoc
A  lift h
i  to th
N
±
u
t
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−
c
s
aalues  along the line, suggesting neutral defective sites. (c) EFM image at +9 V. (d)
 high degree of correlation between the AFM and EFM images is shown. The tip’s
nterpretation of the references to colour in this ﬁgure legend, the reader is referred
atick, MA,  2013). It is found that M,F = −143.55 and ±
√
2M
2
F =
147.11 and hence  = −0.975 ≈ −1. In addition here, the x,y val-
es are pixel independent and hence x,y ≈ 
[
mJ−1
]
.Therefore,
here is a high degree of negative linear correlation between
(x, y)andF (x, y) ,Fig.11c, and M (x, y) ≈ −F (x, y) and ∂M(x,y)∂x =
∂F(x,y)
∂x
,for any AFM and EFM pixel (point), Fig. 11 [39].
Eq. (11) now writes as,

 = −Aε0(V−VSP )
ekcDlz
2
0
F (x, y) ≈ Aε0(V−VSP )
ekcDlz
2
0
M (x, y) =
(z0)M (x, y) (13)
The coefﬁcient c (z0) = Aε0(V−VSP )ekcDlz20
is a function of tip’s-surfaceeparation distance z0. Applying again an inﬁnitesimal variation
long the x-axis, Eq. (13) reads as,iated AFM topography. (e) EFM spectrum at −9 V. (f) Associated AFM topography.
eight in the associated EFM images is 180 nm and the layer is ∼367 nm thick. (For
e web version of this article.)
∂
∂x
≈ −Aε0(V−VSP )
ekcDlz
2
0
∂F(x,y)
∂x
≈ c (z0) ∂M(x,y)∂x (14)
This is the ﬁnal result as it relates the experimental local mor-
phological gradient [49] with the phase difference gradient and the
energy gradient of trapped electrons.
3.2.3. Correlation of AFM and SThM images
Next, the correlation between layer’s morphology and temper-
ature gradient is established via SThM.
A SThM image reﬂects the temperature gradient along topo-
graphical inhomogeneities. For zero bias voltage and negligible
current the gradient of electron energy is proportional to the tem-
perature gradient and F = ˛eT [29], where , is the absolute
differential thermoelectromotive force. Therefore, the temperature
and electron energy gradient images should be highly correlated.
A positive or negative value of ∇F has the consequence that either
1010 A.C. Cefalas et al. / Applied Surface Science 396 (2017) 1000–1019
Fig. 9. (a) EFM image of a-Ta2O5 layer. (b) Associated AFM image. (c), (d) Proﬁle of z-high and 
 in arbitrary units (au) along the lines L1, L2, indicating a high degree of
correlation between the electron energy (EMF) and the morphology (AFM) of the layer. (e) EFM topographies for different tip’s bias voltages at 3 V (black), 7 V (red) and
9  V (green). (f) 
 values of the same line of (e) for different bias voltages. The tip’s lift height in the associated EFM images is 180 nm and layer is ∼367 nm thick. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 11. (a) 2-D AFM normalized z-height image of 1 × 1 m2 with resolution of
400 × 400 px.(b) 2-D EFM normalized ϕ distribution of the same scanned area
as  in a showing a high degree of correlation between the AFM and EFM images.
(c)  Normalized correlation coefﬁcients for normalized z-height and ϕ points. A
mean correlation value of 0.975 indicates a strong interconnection between surface
morphology and electric responses.ig. 10. Phase shift of the EFM images versus tip bias voltage. The parabolic curve
hows the absence of surface charges. The tip’s lift height in the associated EFM
mages is 180 nm.
emperature heating or cooling accompanies current ﬂow in asym-
etric nanodomains along opposite directions. However, owing to
 small value of absolute differential thermo-electromotive force,
n experimental observation of this important effect is difﬁcult,
ecause the lateral resolution depends both on tip’s shape and
eat ﬂow [50]. Here, a thermal tip radius of 2.5 m sets the limit
f a spatial resolution of the thermal image at 500 nm that is too
igh compared with the required spatial resolution value of few
anometers for an experimental veriﬁcation of directional cooling
nd heating.
When the layer is under inhomogeneous thermal conduction,
opographical dips and hills in the SThM spectra shall be associated
ith either dips or hills of thermal conductivities according to the
lgebraic sign of ˛via the equation∇F = ˛e∇T .
The morphological and temperature proﬁles along two x-lines
n the AFM and the SThM images are shown in Fig. 12. Here, the
xpected high degree of correlation with the AFM image and an
dentiﬁcation of dips and hills in the associated AFM and SThM
pectra are distorted by the current ﬂow through the tip and the
ow resolution of the thermal image. Finally, the bridge feedback
oltage varies between its extreme values with a mean feedback
oltage value of 400 mV  and the heat ﬂow amounts to a few W
51].
.2.4. Line and surface proﬁle gradients
The line proﬁle gradient (LPG) along a line segment L is
eﬁned as
(
∂M
∂x
)
L
=
(
∂M
∂x
)
+
+
(
∂M
∂x
)
−
, where
(
∂M
∂x
)
+
and
∂M
∂x
)
−
are the mean values of rising and descending parts of local
roﬁle gradients
(
∂M
∂x
)
+,
(
∂M
∂x
)
−,along the line segment L, Fig. 13a
nd b. A x-axis rotation by  through the y-axis at the origin,
ollowed by a translation by L, deﬁnes an equivalent coordinate
ystem, where the LPG for short line segments and asymmetric nan-
domains obtains opposite algebraic signs in opposite directions
ig. 13a and b. Here, the physical equivalence of the two coordinate
ystems can be understood on the basis that the current dissipation
long the conductive line segment L and backward, should be the
ame, as the electrons travel along the same pathway. Therefore,
t is obvious that there is a hidden spatial degeneracy along the
onductive paths, caused by the presence of spatial gradients atthe nanoscale level. This degeneracy disappears for longer paths.
where the SPG approaches zero. The coupling between the elec-
tric and the entropic currents at the nanoscale raises the gradient
degeneracy by either ampliﬁed (instability) or dumping (stability)
current ﬂuctuations because the surface morphological gradients
reﬂect the electron distribution gradients on the surface (vide infra).
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Fig. 12. (a) AFM image of an a-Ta2O5 layer. (b) z-heights across the L1, L2 lines of (a). (c) Associated SThM image of the same area taken with a ∼500 nm wide thermal tip. (d)
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behavior of line proﬁle gradients at the nanoscale is raised. Consid-emperature distribution (in mV)  across the lines L1, L2 of the associated SThM spe
radient of the layer is shown. Layer is ∼367 nm thick.
The line mean proﬁle gradient, or the surface proﬁle gradient
SPG)
(
∂M
∂x
)
, is deﬁned as the mean value of the line proﬁle gra-
ients
{(
∂M
∂x
)
L
}
for all the 512 line segments than span an AFM
mage and thus is evaluated from the set of 512 × 512 px that span
he digitized AFM image. Hence,
(
∂M
∂x
)
=
{(
∂M
∂x
)
L
}
. Follow-
ng a division of an AFM line segment to different size segments of
2.5, 125, 250, 500 and 1000 nm,  the SPG is evaluated by four dif-
erent methodologies SM-IV, Figs. S14–S24 and Tables S1–S6, [39]
ll giving the same dependence between layer’s thickness and sur-
ace proﬁle gradient. Results from the difference of each z-height
ixel reading with its preceding one are shown in Fig. 13 and Table
1.
It is worth to mention here that below a certain size area
1 m × 1 m)  for all images, the line proﬁle gradients for all the
12 lines share almost the same values within the experimental. A high degree of correlation between the thermal gradient and the morphological
error and, they all retain the same algebraic sign along the same
direction and
(
∂M
∂x
)
≈
(
∂M
∂x
)
L
, Fig. 13c and d. This property
indicates an hierarchical self-assembled structure for line proﬁle
gradients generated during the growth of the layer.
Because of different algebraic signs of
∂F
∂x
for opposite conduc-
tive paths and a high degree of correlation between the AFM and
EFM spectra, a directional asymmetry is expected for current sta-
bility ﬂow in opposite directions too. This translational behavior
is a source of current instability introduced via the term
∂F
∂x
in the
appropriate set of equations in Section 4.2 below.
For longer conductive paths or symmetric nanodomains, the line
mean proﬁle gradient converges to zero and hence the translationalering now an isotropic amorphous layer, the line and surface proﬁle
gradients of F (x, y) and M (x, y) coincide along the x, y axes and for
surface proﬁle and electron energy gradients we write,
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Fig. 13. (a) z-heights along the line L1 of Fig. 9a, for a positive value of line proﬁle gradient. (b) z-heights along the line L1, Fig. 9a, in the opposite direction. Here, the line
proﬁle gradient is negative reﬂecting a translational degeneracy of gradient. (c) Positive line mean proﬁle gradient measured for a total set of 512 × 512 px in an AFM digitized
image, for ﬁve different areas of line segment L = 62.5, 125, 250, 500 and 1000 nm.  (d) Negative line mean proﬁle gradient along the opposite direction.
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4.2. Current stability criteria∂F(x, y)
∂x
= ∂F(x, y)
∂y
≡ ∂F
∂x
∂M(x, y)
∂x
= ∂M(x, y)
∂y
≡ ∂M
∂x
(15)
From Eqs. (11)–(15), the phase difference and SPG are related
ia the equation,
∂
∂x
= −Aε0 (V − VSP)
ekcDlz
2
0
∂F
∂x
= c (z0)
∂M
∂x
= c (z0)
∂M
∂x
(16)
ith equivalent deﬁnitions for the line and line mean proﬁle gra-
ients.
Eq. (16) points to the fact that large electron energy gradients
nd thus local electric properties at the nanoscale [49], are inher-
ntly associated with “sharp” morphological features.
The surface proﬁle gradient
∂M
∂x
is independent on tip’s-
urface separation distancez0. On the contrary, c (z0) is
0-depended. From Fig. 8a and Eqs. (12) and (15),
∂

∂x
=
∂
 ∂M
∂y
≈ 1.7x104radm−1,
∂x
≈ 0.15, c (z0) = 1.1x105radm−1,
 = 3.3x109mJ−1 and ∂F
∂x
≈ 4.5x10−11Jm−1.4. Current stability
Nanoscale morphological asymmetries associated with electric
and entropic coupling are responsible for additional current insta-
bilities during thermodynamic irreversible processes. To assess
instabilities arising from morphological asymmetries, the effect of
tip’s loading on instabilities during C-AFM must be quantiﬁed ﬁrst.
4.1. Effect of tip loading force on current stability
In general, deviation of I-V responses from linear or squared log-
arithmic laws under different tip loading conditions is attributed
to the activation of new or fewer contact points between the tip
apex surface and the layer. Initially the current is proportional to
the loading force and then it attains a threshold value as the a-
Ta2O5 layer collapses under high stress. The I-V curves, for only
one area under different tip’s loading stress, from 88.6 to 102.3 nN,
are shown in Fig. 14a. Similarly, maximum current values for three
different contact areas and various loading states are shown in
Fig. 14b. Here, the current collapses with a loading force of ∼
102.3 nN, suggesting a layer’s fracture point at 1 GPa.The electric current density
→
J
(
Am−2
)
and the energy ﬂux den-
sity W
(
Wm−2
)
at any space-time (x,t) point are given by the
equations [31].
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Fig. 14. (a) I–V curves at one point for different tip loading forces. (b) Maximum
current versus tip loading force at three different points. The fracture point of the
layer is estimated to be at ∼100 nN. Layer is ∼239 nm thick.
Substituting Eq. (27) in (26) and neglecting both second order
variations and gradients of variations for homogeneous inﬁnitesi-
mal  current and energy gradient variations along conductive paths
where
(
∂F (x)
) (
∂F(x)
)014 A.C. Cefalas et al. / Applied Sur
 = e2K11  − eK11T∇
(
F
T
)
− eK21
∇T
T
(17)

 = eK21  + K21T∇
(
F
T
)
− eK31
∇T
T
(18)
Krs are the generalized kinetic coefﬁcient tensors of rank two
nd F is the energy of trapped electrons. The kinetic coefﬁcients are
iven by the equation [29],
rs = Kijrs = −
1
43
∫
Vk
Fr−1s
ϑf0
ϑε
uiujdk (19)
 is the relaxation time after a “collision” with a trapping center,
0 is the unperturbed by the electric ﬁeld electron distribution
unction and ui is the velocity component along the conductive path
.
Solving Eqs. (17) and (18) with respect to  and W we  obtain,

 =
J
e2K11
+ 1
e
∇F + ˛∇T (20)
 = K21
eK11
J − ∇T (21)
here  ˛ = K21−FK11eK11T is the absolute differential thermoelectromo-
ive potential and  = K31K11−K
2
21
K11T
is the heat conductivity coefﬁcient,
xpressed as kinetic coefﬁcients’ ratios. The electric ﬁeld and the
nergy ﬂux density equations have three and two terms, respec-
ively. The ﬁrst term in the electric ﬁeld equation, is owing to
n Ohmic voltage drop, the second term (∇F) arises from mate-
ial’s inhomogeneity along the conductive path, and the third term
∇T)is owing to local non-isothermal conditions during current
ow. From Eq. (21), material’s inhomogeneity has an effect on
nergy transport via the equation ∇F = ˛e∇T[29].
The work done by the external and internal forces per unit
ime per unit volume (power density) dPdt , is accompanied by heat
elease during current ﬂow. From the ﬁrst thermodynamic axiom
e obtain,
dQ
dt
= −div W + dP
dt
(22)
The power density during an electric conduction is given by the
nner product of the electric and the current density vectors,
dP
dt
= .
→
J (23)
Using Eqs. (18) and (19), Eqs. (23) and (22) read as,
dP
dt
=
J2

+ 1
e
(J∇F)+ ˛J∇T (24)
 ≡ dS
dt
= 1
T
dQ
dt
= 1
T
(J2

+ 1
e
(J∇F)+ ˛J∇T + div (∇T)) (25)
here = e2K11
(
= ıi
LıV
)
≈ 0.0014AV−1m−1 is the electrical con-
uctivity for a 100 nm conductive length, ıV = 1.5 V and =0.2 nA,
ig. 7b. Here, S is the entropy of the system and  (J s−1 m−3) is
he entropic production density. The origin of the entropy produc-
ion is via Joule’s heat dissipation (
J2
 ) and the work performed by
he electron energy and temperature gradients. By integrating Eq.
25) over the conductive path L and neglecting any second order
erivatives we get,
dS 1
∫ (
dQ
)
1
∫ (
J2 1 ∂F
) ≡
dt
=
TL dt
dx ≈
TL 
+
e
J
∂x
+ ˛J∇T dx (26)
Next, Lyapunov’s stability criteria associated with entropic
nd electric current ﬂow, weigh up any expansion of parametersS, Q, J, Tas sources of instabilities and associated with a gain or
dumping parameter ω (t) around the equilibrium values
S (x, 0) , Q (x, 0) , J (x, 0) , T (x, 0)
S(x, t) = S(x, 0) + ıS(x)exp(ω(t)t)
J(x, t) = J(x, 0) + ıJ(x)exp(ω(t)t)
Q (x, t) = Q (x, 0) + ıQ (x)exp(ω(t)t)
(27)
∂F(x, t)
∂x
= ∂F(x, 0)
∂x
+ ı(∂F(x)
∂x
)exp(ω(t)t)
∂T(x, t)
∂x
= ∂T(x, 0)
∂x
+ ı(∂T(x)
∂x
)exp(ω(t)t) ıJ ≈ ıJ (x) , ı
∂x
= ı
∂x
, it is found that the effect
of the electron energy and temperature gradients on the current
and entropic inﬁnitesimal instabilities, after some algebra, retains
the form,
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ω )
∂F (x, 0)
∂x
+ ˛
(
ıJ (x)
) ∂T (x, 0)
∂x
+ J (x, 0) ı
(
∂T (x)
∂x
))
)
]
dx
t
e
(
a
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e
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(t) ıS (x) ≈ 1
TL
∫ [(
2J (x, 0) ıJ (x)

+ 1
e
J (x, 0) ı
(
∂F (x)
∂x
)
+ 1
e
ıJ (x
+
(
J(x, 0)2 + 1
e
J (x, 0)
∂F (x)
∂x
+ aJ (x, 0) ∂T (x, 0)
∂x
)
exp (−ω (t) t
From Eqs. (2), (14) and Fig. 8, it is found that the mean values of
he ratio of the current to the energy gradient of the electrons are
qual to their inﬁnitesimal variations
J¯
ıJ
≈
(
∂F
∂x
)
ı
(
∂F
∂x
) (29)
Because ∇F = ae∇T, [29] after integration and some algebra Eq.
28) reads as,
ω(t) ≈ 2ıJ
TıS
[
J¯

+ 1
e
∂F
∂x
+ J¯
eıJ
ı(
∂F
∂x
)] + J¯
T(ıS)
[
J¯

+2
e
∂F
∂x
] exp(−ω(t)t) ≈= 1
TıS
[
J¯

+ 2
e
∂F
∂x
][2ıJ + J¯ exp(−ω(t)t)]
(30)
For a stable operation, ω (t) must be negative and Eq. (30) has
n inﬁnite number of solutions when
[
J¯
 + 2e
∂F
∂x
]
< 0 or
 < −2
e
∂F
∂x
(31)
Owing to the high degree of correlation between the electric
nergy gradient of trapped electrons and the morphology of the
ayer (Eq. (16)), Eq. (30) for2ıJ < J¯reads as,
(t) ≈ J¯
T
(
ıS
)
[
J¯

+ 2
e
∂M (x, y)
∂x
]
exp (−ω (t) t) (32)
For a stable operation (ω (t) < 0),Eq. (32) must satisfy the
nequality,
J¯

+ 2
e
∂M (x, y)
∂x
≤ 0 (33)
r
≤ −2A
e
(
∂M (x, y)
∂x
)
(34)
Eq. (34) relates the current stability in the (L, i) plane of inde-
endent variables with the morphology of the layer via
∂M (x, y)
∂xThe locus of the associated points
(
L,
∂M (x, y)
∂x
)
, Fig. 13, is ﬁtted
o an equation of the form (28)
(
∂M (x, y)
∂x
)
= (±) [0.028 + 0.346 exp
(
− L99.6(nm)
)
]and from
Eq. (34) the loci of stable (L, i) points is bounded by the two  curves,
i = (∓) 2A
e
(
0.028 + 0.346 exp
(
− L
99.6 (nm)
))
(35)
and the L and i axes. The following cases are considered:
4.2.1. Long conductive paths
For long conductive paths
∂F (x, y)
∂x
= −1

∂M (x, y)
∂x
≈ 0, and Eq.
(32) reads as,
ω (t) ≈ J¯
2
T
(
ıS
) exp (−ω (t) t) (36)
For ω (t) > 0, exp (−ω (t) t)and ω (t) → 0 as t → ∞.Therefore, an
unstable mode is always dumped for a positive value ofω (t). For
ω (t) < 0,Eq. (36) does not have any real solution. Therefore, cur-
rent instabilities cannot be sustained either for positive or negative
values of ω (t) and current is bidirectional stable.
4.2.2. Short conductive paths
For short conductive paths,
∂M (x, y)
∂x
is either positive or nega-
tive for current ﬂow along the x-axis. The solution of Eq. (35) for
both positive and negative currents divides the loci of (L, i) stabil-
ity points in four areas, namely I, II, III, IV, Fig. 15. Current is either
positive or negative for ﬂowing opposite either to a negative or pos-
itive electric ﬁeld vector ˘ .  The following cases are considered for
a voltage scan cycle from −10 to 10 V.
4.2.2.1. Negative SPG and negative current (-10 to 0 V). Here,(
∂M (x, y)
∂x
)
< 0, (
∂F (x, y)
∂x
) > 0, J < 0,  ˘ > 0 and current ﬂows
opposite to the ∂F(x,y)
∂x
vector. The locus of (L, i) points satisfying the
stability criterion of Eq. (34) is bounded by the (L, i) axes and Eq.
(34), i¯ = − 2Ae
(
∂M (x, y)
∂x
)
, (area I), Fig. 15a.
4.2.2.2. Positive SPG and positive current (0 to +10 V). Here,(
∂M (x, y)
∂x
)
> 0, (
∂F (x, y)
∂x
) < 0, J > 0,  ˘ < 0. The locus of
points in the (L, i) plane satisfying the stability criterion of Eq. (34)
is bounded by the (L, i) axes and Eq. (34), (area III), Fig. 15b.
4.2.2.3. Positive SPG and positive current (+10 to 0 V). Here,(
∂M (x, y)
)
∂F (x, y)∂x
> 0, (
∂x
) < 0, J > 0,  ˘ < 0. The locus of
points in the (L, i) plane satisfying the stability criterion of Eq. (34)
is bounded by the (L, i) axes and Eq. (34), (area III), Fig. 15c.
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Fig. 15. Current stability responses in the (L, i) plane. The points P remain stable only for negative currents, while the point M remains stable for positive currents, showing
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.2.2.4. Negative SPG and negative current. For
(
∂M (x, y)
∂x
)
< 0,
∂F (x, y)
∂x
) > 0, J < 0,  ˘ > 0. The locus of (L, i) points satisfying the
tability criterion of Eq. (34) is bounded by the (L, i) axes and Eq.
34), i¯ = − 2Ae
(
∂M (x, y)
∂x
)
, (area I), Fig. 15d.
The signiﬁcance of four stability areas I-IV, Fig. 15, during one
oltage scan from −10 to +10 V and backwards, can be deciphered
ia the motion of two points P, M laid on the (L, i) plane, for both
oints P,M tracing parallel lines to the i axis during one duty cycle,
ig. 15a–d.
For negative SPG the point P, initially is laid in the stable area I,
ig. 15a and subsequently it crosses the unstable area II, Fig. 15a. An
xchange of stability/instability (bifurcation) is taking place as cur-
ent increases within the areas II and III. The current again becomes
nstable (area IV), Fig. 15b and then again stabilizes for low currents
area III). The cycle eventually ends in the stable area I for high neg-
tive currents after completing a voltage scan between its extreme
alues during a duty cycle, Fig. 15d.Next, a point M,  laid initially in the unstable area II, Fig. 15a,
ecomes stable for positive currents, Fig. 15b and c and then
ventually becomes again unstable for negative currents, Fig. 15d.
herefore, stability is achieved either for positive or negativeoci of stability for: (a) positive surface mean proﬁle gradient and negative current
 current (0 to +10 V), (c) negative surface proﬁle gradient and positive current (+10
currents (unidirectional stability). In addition, a positive SPG for
negative currents (not shown here), provides two  loci of stable
and unstable points for the whole negative and positive current
(i,L) points in the stability/instability space, respectively. A simple
inspection of all stability/instability (i,L)  loci veriﬁes that the eight
stability/instability states, arising from positive and negative SPG,
are identical for both frames of references of the (i, L) space (orig-
inal and reﬂected/translated one), where the SPG either retains or
change its algebraic sign, respectively, SM-V.
Typical I-V curves recorded for tip’s bias voltage scan from −10,
+10 V and backwards are shown in Fig. 16a–c. A bidirectional stable
operation for repetitive voltage scan cycles at 10 Hz, for large con-
ductive paths and thick ﬁlms (∼1 m)  is shown in Fig. 16a. Here, a
stable operation is sustained under different tip’s loading forces, as
predicted by Eq. (36).
On the contrary, for short conductive paths and thin ﬁlms, a uni-
directional current instability is shown in Fig. 16b and c, either for
positive (∼180 nm)  or negative (∼480 nm)  currents. The locus of
unstable (L, i) M points lay in the areas II, IV, Fig. 15. An exchange
of stability/instability between positive and negative currents dur-
ing voltage scan is taking place. A unidirectional current stability
(∼480 nm)  for negative currents is shown in Fig. 16c. Here, the locus
of stable (L, i) P points lays within the area I, Fig. 15.As electric current stability is the outcome of an interplay
between both the electric and entropic production currents [52–56]
and surface morphological gradients at the nanoscale, it is rea-
A.C. Cefalas et al. / Applied Surface Sc
Fig. 16. (a) I–V stability for positive and negative currents during repetitive scanning
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onable to think that a gradient morphological anisotropy along
pposite conductive paths, intrinsically imposes also a current sta-
ility anisotropy, owing to a high level of covariance between
orphological and electron energy gradients.
Current stabilization by surface mean proﬁle gradients can beonsidered as a reverse process of surface morphology stabilization
y electric current [57,58]. The results are not only applicable to the
peciﬁc system, but they rather have a wider validity [59–63].ience 396 (2017) 1000–1019 1017
Finally, Eq. (32) can be interpreted under the light of control
theory of dissipative systems. Indeed, Eq. (32) can be written in the
form,
ω (t) ≈ GG+1gJ¯(40)
Eq. (40) describes a feedback closed loop control system, where
the termsgJ¯ and ω are the input and output components of the net-
work respectively and the output ω (t) is controlled by a feedback
loop of gain G where,
G =
J¯
 ± 2e
∂F
∂x
2
e
∂F
∂x
, g = J¯
T
(
ıS
) (41)
The growth or dumping parameter ω (t)of an inﬁnitesimal cur-
rent ﬂuctuation is regulated via a negative feedback loop that is
generated by the electron energy gradient, or the morphological
gradient, owing to a high degree of covariance between them. This
statement is in agreement with Eq. (24), as electron energy gradi-
ent and thus morphological gradient, regulates the electric power
dissipation in the layer.
5. Conclusion
In conclusion, amorphous Ta2O5 (a-Ta2O5) semiconductive
layer’s morphological features, described by line mean proﬁle (sur-
face) gradients, are highly correlated with the electric and thermal
responses along conductive paths and regulate current stability
at the nanoscale. Surface proﬁle gradient structures along oppo-
site conductive paths are physically equivalent during a current
ﬂow under an x-axis rotation by  through the y-axis at the ori-
gin, followed by a translation by L and this translational property
(degeneracy) and the coupling between electric and entropic cur-
rents, intrinsically imposes a current stability anisotropy, owing
to a high level of covariance between morphological and electron
energy gradients.
It is found that for either long conductive paths or current ﬂow
along symmetric nanodomains, I-V curves are stable for both neg-
ative and positive currents (bidirectional current stability). On the
contrary, for short conductive paths, there are two loci of points
in the (L, i) plane with different I-V stability responses. One locus
speciﬁes an I-V stable state for negative currents only, while the
other locus speciﬁes an I-V stable state for positive currents (uni-
directional current stability).
Overall, current stability response at the nanoscale is the result
of interplay between electric and entropic production currents and
surface proﬁle gradient symmetries.
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